Copper is an important nutrient for normal brain homeostasis serving as a cofactor of key metabolic enzymes involved in mitochondrial function, neurotransmitter biosynthesis, oxidative stress defense, and iron transport (1) . It plays additional and poorly understood roles in neuronal myelination (2) and in regulation or function of the prion and amyloid precursor proteins (3, 4) . Abnormal copper homeostasis is the primary cause of Menkes disease (MNK) 1 and Wilson disease (WND), severe metabolic disorders with marked neurological manifestations (5) (6) (7) . Despite the essential role of copper, very little is currently known about copper transport in either normal or diseased human brain. As a result, the molecular mechanisms underlying the MNK-and WND-related neurodegeneration remain essentially uncharacterized.
MNK and WND are associated with mutations in coppertransporting P-type ATPases ATP7A and ATP7B, respectively (We will refer to ATP7A and ATP7B as Menkes disease protein, MNKP, and Wilson disease protein, WNDP). MNKP and WNDP are central for the regulation of copper distribution in human cells, and their general functions are very similar. Both proteins utilize the energy of ATP hydrolysis to transport copper from the cytosol into the secretory pathway thus participating in the biosynthesis of copper-dependent enzymes. In peripheral tissues, MNKP was shown to transport copper to tyrosinase in melanocytes (8) , whereas WNDP delivers copper to a ferroxidase ceruloplasmin in the liver (9) . In addition, MNKP and WNDP regulate the intracellular copper concentration by trafficking to either plasma membrane (MNKP) or to vesicles (WNDP) and exporting excess copper from the cells (10, 11) .
In the central nervous system, the functional relationship between two copper-transporting ATPases is poorly understood. Current data suggest that MNKP controls the overall copper supply to the brain through its localization in choroid plexus (12) and also has a biosynthetic role in pituitary gland where it mediates copper delivery to peptidyl-glycine ␣-amidating monooxygenase (13) . What physiological functions the copper-transporting ATPases have in other brain regions and what the relationship is between MNKP and WNDP in either adult or developing brain remain unknown. Spatial and temporal differences in the expression of copper-transporting ATPases have been observed in tissues of mouse embryo (14) ; however the developmental regulation of WNDP and MNKP has never been examined in detail and never within the CNS.
To address these important issues, we have focused our attention on cerebellum, one of the critical regions of the brain expressing both MNKP and WNDP and several copper-requiring proteins. Using fluorescent imaging with a single cell resolution and functional analysis, we demonstrate that two copper-transporting ATPases, MNKP and WNDP, have distinct roles in cerebellum and that the copper distribution pathways in Purkinje neurons and Bergmann glia are tightly linked. These results have important implication for understanding of the Wilson disease and Menkes disease pathologies.
MATERIALS AND METHODS

Mouse Strains-The generation of Atp7b
Ϫ/Ϫ mice has been described previously (15) . The Atp7b Ϫ/Ϫ and wild-type C57BLx129SV/SvEv mice were housed at the OHSU Department of Comparative Medicine according to the National Institutes of Health guidelines on the use of laboratory and experimental animals. Food and water were provided ad libitum. Animals were either perfused with 4% paraformaldehyde for the in situ hybridization studies or euthanized by CO 2 inhalation for Western blotting experiments, and the livers and cerebellum were quickly removed. Mice of either sex were used for the experiments. Unless specified, adult wild-type and Atp7b Ϫ/Ϫ mice were 10 weeks of age.
In Situ Hybridization-The brains were removed following perfusion, soaked for 24 h in 4% paraformaldehyde, 20% sucrose, then 30% sucrose and then embedded in Optimal Cutting Temperature compound (Tissue-Tek, Torrance, CA) at Ϫ20°C. Sagittal sections of 20 m were sliced and placed onto gelatin/poly-L-lysine-coated slides. The slides were treated with 1% hydrogen peroxide (H 2 O 2 ) in phosphate-buffered saline, blocked with an avidin/biotin blocking kit following manufacturer's instructions (Biဧmeda, Foster City, CA), and then washed with phosphate-buffered saline/diethyl pyrocarbonate, 100 mM glycine/diethyl pyrocarbonate and 0.3% Triton X-100. Following treatment with 1 g/ml proteinase K for 15 min, slides were incubated with 4% paraformaldehyde followed by a 10-min incubation with 0.25% anhydride in 0.1 M triethanolamine.
For prehybridization, slides were incubated in hybridization solution (2ϫ sodium chloride and sodium citrate solution (SSC), 50% deionized formamide, 1% Sarkosyl, 10% dextran sulfate, 1ϫ Denhardt's solution, 50 mM phosphate buffer, 250 g/ml yeast tRNA, 500 g/ml salmon sperm DNA, and 50 M dithiothreitol at 37°C for 2 h. After prehybridization, biotin-labeled oligonucleotide probes at 200 ng/ml were added and incubated overnight at 37°C in a humidity chamber. Excess probes were removed by stringent washes in SSC, blocked in blocking buffer (TBT, PerkinElmer Life Sciences), and incubated with streptavidinhorseradish peroxidase. For signal detection, fluorescein isothiocyanate and cynanine 3 (Cy3) Tyramide Signal Amplification system kits were used (Life Sciences, Rockville, MA). Samples were then mounted using Vectashield with 4Ј,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA) and analyzed using a Zeiss LSM510 confocal microscope (Carl Zeiss, Gottingen, Germany).
Immunohistochemistry-The 20-m sagittal tissue sections were rehydrated in phosphate-buffered saline, blocked in blocking buffer (5% serum of secondary antibody, 0.2% Triton X-100, 1% bovine serum albumin in phosphate-buffered saline). Slides were then incubated overnight at 4°C with primary antibody diluted 1:5000 in dilution buffer (0.25% bovine serum albumin, 0.2% Triton X-100 in phosphatebuffered saline). Following washes, slides were incubated for 1 h in fluorescently labeled secondary antibody (Alexa Fluor 488 donkey antirat IgG for anti-WNDP or Alexa Fluor 555 goat anti-rabbit IgG for anti-MNKP or Alexa Fluor 555 donkey anti-goat for anti-ceruloplasmin (CP), Molecular Probes, Eugene, OR). Sections were washed, mounted using Vectashield with 4Ј,6-diamidino-2-phenylindole, and analyzed using a Zeiss confocal scanning microscope.
Expression of WNDP and MNKP in Sf9 Cells-Expression of WNDP in Sf9 cells has been described previously (16) . To generate the recombinant baculovirus expressing MNKP, the 4.6-kb full-length MNKP fragment was cloned into the pFastBactDual vector (Invitrogen) using BamHI cloning sites. The recombinant baculovirus was generated using the Bac-to-Bac kit (Invitrogen) as described previously (16) . Expression of MNKP in Sf9 cells was verified by Western-blotting using rabbit anti-MNKP antibodies that were raised against purified nucleotidebinding domain of MNKP.
Functional Comparison of MNKP and WNDP-Phosphorylation of WNDP and MNKP using [␥-
32 P]ATP was performed as described previously (16) using preparations of the membrane-bound MNKP or WNDP in the 20 mM Bis-Tris-propane, pH 6.0, 200 mM KCl, 5 mM MgCl 2 buffer (reaction buffer). Experiments on measuring the kinetic and ATP dependence of enzyme phosphorylation were conducted as published before (16) . For the dephosphorylation experiments, the proteins were first phosphorylated for 2 min with 2 M [␥-32 P]ATP, and the aliquot of reaction was taken as the zero time point. Cold ATP was then added to 25 M, and the reaction was allowed to proceeded on ice at the time intervals indicated on Fig. 3C . The proteins were then acid-precipitated, and their level of phosphorylation was analyzed following gel electrophoresis and autoradiography as described previously (16) .
To compare copper dependences of catalytic phosphorylation, 50 g of WNDP-or MNKP-containing membrane preparations were resuspended in 200 l of reaction buffer plus 250 M bathocuproinedisulfonic acid disodium salt and incubated on ice for 15 min. Then mixture was spun down for 10 min at 20,000 ϫ g, and the pellet was resuspended in 200 l of reaction buffer containing 100 M ascorbate, 100 M Tris(2-chloroethyl) phosphate, and CuCl 2 as indicated in Fig. 4 . The mixture was incubated on ice for 15 min and then phosphorylation was performed as described above using with 2 M [␥-
32 P]ATP for 4 min on ice.
Detection of ApoCP and Holo-CP Using Western Blotting-Liver
pieces (5 mm ϫ 5 mm) and whole cerebellum from the wild-type or Atp7b Ϫ/Ϫ mice were homogenized in 500 l of the homogenization buffer, 25 mM imidazole, pH 7.4, 0.25 M sucrose, and 1 tablet of Roche complete protease inhibitor mixture (Roche Applied Science). Samples were centrifuged for 10 min at 500 ϫ g. The pellet was discarded, and the soluble portion was further centrifuged for 30 min at 20,000 ϫ g. For liver samples, 50 g of soluble portion was used, and for cerebellum, 60 g of membrane fraction was utilized for separation on 4 -20% Trisglycine gels (Invitrogen). Proteins were transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA) and immunostained using anti-CP antibody (Sigma).
RESULTS
The Expression of MNKP and WNDP in Adult Cerebellum Is
Cell-specific-To determine the localization of MNKP and WNDP in cerebellum, we analyzed the distribution of their mRNAs using in situ hybridization with tyramide amplification. Three non-overlapping oligonucleotide probes for MNKP mRNA and two probes for WNDP mRNA were utilized (Table  I) . Probes corresponding to the reverse sequence of the sense strain were used as a negative control (Table II) . All antisense probes for MNKP mRNA, used together or individually, produced staining characteristic of Bergmann glia, whereas the control probes yielded no detectable signal (Fig. 1A ). In contrast, the WNDP-related signals were evident in Purkinje neurons (PN), quite distinctive from Bergmann glia (BG), and no PN staining was detected using the control probe (Fig. 1B) . The marked difference between the MNKP and WNDP mRNA patterns strongly pointed to a cell-type specific distribution of MNKP and WNDP in adult cerebellum.
This result was confirmed by the immunohistochemistry experiments. The anti-MNKP antibody stained small cell bodies along the molecular layer, as expected for BG (Fig. 1C) . This pattern was also identical to the immunostaining of the SK3 potassium channel, which is largely restricted to BG in cerebellum (Fig. 1C) . 2 The presence of WNDP protein in Purkinje neurons was similarly verified. The anti-WNDP antibody produced characteristic PN staining identical to the pattern of WNDP mRNA (Fig. 1, compare C with D) and to the mRNA expression pattern of a PN marker, the glutamate transporter mEAAT1 (17, 18) (Fig. 1D) . Thus, in the adult cerebellum, MNKP is expressed in Bergmann glia, whereas WNDP is present in Purkinje neurons.
Co-expression with Ceruloplasmin Points to a Biosynthetic Function of WNDP-One of the functions of MNKP and WNDP in peripheral tissues is to deliver copper to the secretory pathway for incorporation into copper-requiring enzymes. CP is a copper-dependent ferroxidase, which is essential for iron homeostasis in the central nervous system (19, 20) and is synthesized in the cerebellum (21) . To determine which of the coppertransporting ATPases is involved in copper delivery for CP biosynthesis, we compared the cerebellar distribution of MNKP and WNDP with that of CP. Our experiments revealed that in the cerebellum CP is expressed primarily in Purkinje neurons with a weaker staining present in the basket cells and the granular layer but no detectable staining in Bergmann glia 2 J. Adelman, personal communication. (Fig. 1D) . Co-expression of WNDP and CP strongly suggests that WNDP participates in CP biosynthesis. We observed no co-localization of MNKP and CP, suggesting that the role of MNKP is distinct from that of WNDP. The Expression of MNKP Is Developmentally RegulatedPrevious studies using 13-day-old mice pointed to MNKP expression in Purkinje neurons (22) in contrast to our finding of MNKP restricted to Bergmann glia in the cerebellum of adult mice. This apparent discrepancy could be because of developmental changes occurring in MNKP expression. To test this possibility we examined the localization of MNKP in the cerebellum at the 2nd (P2), 13th (P13), and 18th (P18) day of postnatal development. We also compared the MNKP patterns of distribution with the expression of WNDP at the same stages.
These experiments revealed markedly different distributions of MNKP mRNA in developing and adult cerebellum and also showed differences in the regulation of expression of MNKP and WNDP during development. At P2, MNKP mRNA is present in Purkinje neurons, where WNDP is also expressed (Fig. 2) , suggesting that the early growth and development of these cells require the functioning of both copper-transporting ATPases. The localization of MNKP and WNDP in Purkinje neurons is also detected at P6 (our data, not shown) and P13 (Fig. 2) . However later, at P18, a marked change occurs in MNKP expression. In addition to Purkinje neurons, the MNKP staining appears in Bergmann glia (Fig. 2, arrow) and is confined exclusively to Bergmann glia in the adult mice. In contrast, WNDP is consistently present in PN throughout development (Fig. 2) , and the only change seen in WNDP patterns during development is an age-dependent decrease in the intensity of staining suggesting an age-related down-regulation of WNDP expression.
Functional Properties of WNDP and MNKP Are DistinctThe presence of both MNKP and WNDP in PN during early development points to complementary functions of the coppertransporting ATPases in developing neurons, which could be associated with their different subcellular location in neurons. Alternatively, MNKP and WNDP might have distinct affinities for the substrate and/or different transport efficiency, which would help to achieve a more fine tuned regulation of intracellular copper. Examination of the MNKP and WNDP staining in PN did not reveal markedly different localization of these proteins, although further experiments are necessary to verify this conclusion. Consequently, we decided to compare the functional characteristics of MNKP and WNDP.
Previous studies have suggested that MNKP may have higher turnover rate than WNDP (16, 23) . However, these experiments were performed using markedly different conditions (detergentsolubilized and immunoprecipitated MNKP (23) versus membrane-bound WNDP (16) ) and expression in different cell types, all of which preclude accurate comparison. To overcome these problems, we expressed both MNKP and WNDP in Sf9 cells using baculovirus-mediated infection and then compared enzymatic characteristics of two copper ATPases in their membranebound form under identical conditions.
The key steps in the MNKP and WNDP enzymatic cycle are transient phosphorylation and then dephosphorylation, which are coupled, respectively, with the binding and release of copper from the intramembrane sites (Fig. 3A) (16, 23) . Both steps can be monitored in vitro, and the kinetics of these reactions can be used to assess the relative turnover rates of MNKP and WNDP. Fig. 3B illustrates that under identical conditions phosphorylation of MNKP by ATP is ϳ6-fold faster than WNDP phosphorylation (t1 ⁄2 ϭ 0.095 ϩ 0.018 and 0.59 ϩ 0.25 min, n ϭ 4, respectively). The dephosphorylation step is also considerably faster for MNKP (t1 ⁄2 ϭ 0.35 ϩ 0.14 min compared with 1.85 ϩ 0.7 min for WNDP, n ϭ 4) (Fig. 3C) . These results suggest a significantly higher catalytic turnover rate for ATP hydrolysis (and hence copper transport) by MNKP.
To verify that the distinct time dependences of partial reactions are not due to potential differences in the protein folding of recombinant WNDP and MNKP, we characterized an ATP dependence of catalytic phosphorylation for these two proteins. These experiments revealed that the apparent K m for ATP is essentially identical for WNDP and MNKP (1.1 ϩ 0.3 and 1.0 ϩ 0.4 M, n ϭ 3, respectively), indicating that both MNKP and WNDP bind the catalytic substrate with equally high affinity (Fig. 4A) . Interestingly, the K m for copper, another substrate required for activation of phosphorylation, is lower for WNDP than for MNKP (1.1 Ϯ 0.2 M compared with 2.4 Ϯ 0.7 M, respectively, n ϭ 5) suggesting that WNDP may bind copper more efficiently under copper-limiting conditions than MNKP (Fig. 4B) .
The Lack of Functional WNDP Results in the Switch of CP Expression from Purkinje Neurons to Bergmann Glia-MNKP
and WNDP are structurally very similar sharing over 50% sequence identity (53% in mice). At the same time, our data demonstrate that these proteins have cell-specific distribution, differ in their developmental expression profiles, and have distinct functional properties. This raises the question as to whether or not there is any functional redundancy of these copper transporters in the cerebellum. To address this issue we utilized Atp7b Ϫ/Ϫ knock-out mice that lack functional WNDP (15). We hypothesized that the inactivation of WNDP would disrupt the delivery of copper to CP in Purkinje neurons and, therefore, for MNKP to restore the copper delivery to CP it has to be expressed in PN instead of (or in addition to) Bergmann glia. However, the experiments revealed that in adult Atp7b Ϫ/Ϫ mice, the MNKP mRNA remains restricted to Bergmann glia (Fig. 5) . In contrast, the distribution of CP is clearly changed. Unlike its expression in Purkinje neurons of wild-type mice, CP is present predominantly in Bergmann glia in the Atp7b Ϫ/Ϫ mice, suggesting that CP expression depends on the presence of a functional copper-ATPase in the cell.
The switch in the expression of CP to Bergmann glia was verified by double labeling experiments using antibodies against CP and MNKP, or CP and the Bergmann glia marker SK3. Clear co-localization of both MNKP and CP, and of CP and SK3, was observed in the cerebellum of the Atp7b Ϫ/Ϫ mice (Fig. 6A) . No PN staining was evident, confirming that the lack of copper-transporting activity by WNDP induces a switch in the expression of CP from Purkinje neurons to Bergmann glia, where the other copper transporter, MNKP, is active.
It seemed likely that the change in CP expression from the WNDP-deficient neurons to the MNKP-containing Bergmann glia would restore copper delivery to CP via MNKP. To test this hypothesis we utilized the known property of CP to produce two protein bands corresponding to the copper-bound (holo-CP) and unbound forms (apoCP), when analyzed on a non-reducing gel (24) . In the wild-type liver and cerebellum, the holo-CP and apoCP are both clearly visible (Fig. 6B) . As expected, in the Atp7b Ϫ/Ϫ liver only apoCP is detected, because copper transport by WNDP is inactivated, and MNKP is not expressed in the liver. In contrast, in the cerebellum of the Atp7b Ϫ/Ϫ mice, there is little change in the amount of holo-CP compared with the wild-type. Thus, despite the lack of WNDP, copper is delivered to ceruloplasmin, most likely via MNKP.
DISCUSSION
Defects in copper homeostasis have marked consequences for brain function; however, the copper distribution pathways in the normal and diseased brain remain essentially uncharacterized. Our results shed light on a functional relationship between two copper transporters, MNKP and WNDP, in the cerebellum. We demonstrated that MNKP and WNDP are both present in adult cerebellum, and their functions in this region of the brain are distinct. This conclusion is based on (i) cellspecific localization of MNKP and WNDP (in Bergmann glia and Purkinje neurons, respectively), (ii) co-localization of the copper-requiring enzyme CP with WNDP, but not with MNKP, and (iii) distinct functional characteristics and developmental regulation of the transporters. We propose that the major function of WNDP in cerebellum is to deliver copper to the copperdependent ferroxidase CP, whereas the function of MNKP is likely to regulate copper concentration in Bergmann glia and perhaps also to export copper for delivery to Purkinje neurons.
The localization of MNKP in Bergmann glia is a new and important finding. It has been confirmed by two independent methods (in situ hybridization and immunohistochemistry), which yielded consistent BG patterns with a single cell resolution. Interestingly, in addition to localization in BG cell bodies, we also see MNKP mRNA in peripheral processes of BG. The peripheral mRNA localization may facilitate local control of protein synthesis in response to environmental cues (25) , such as elevated copper. Under standard conditions, most of the MNKP protein is detected in the BG cell bodies. The amount of MNKP produced in processes, if any, is apparently too low to be detected by immunohistochemistry.
We attribute the previously reported localization of MNKP in PN (26) connections between BG and PN is being completed (27) . In the adult cerebellum, BG insulate PN maintaining the structure of PN and supplying trophic factors to these cells (27, 28 Another potentially important difference in functional properties of MNKP and WNDP is their affinity for copper. The apparent K m of WNDP for copper is 2-3-fold lower than that for MNKP, which could be significant in vivo where there is essentially no free copper (29) . The lower turnover and higher apparent affinity of WNDP for copper are consistent with its biosynthetic function. The metal delivery to the secretory pathway does not require high throughput but may significantly depend on the relatively high affinity of WNDP for copper under copper-limiting conditions. It is important to emphasize that, currently, the proposed relationship between different kinetic properties of MNKP and WNDP and their intracellular functions is only an attractive hypothesis, which requires further testing.
Altogether, our results point to specific and non-overlapping roles of MNKP and WNDP in the wild-type cerebellum. Therefore, it seems particularly significant that in the Atp7b Ϫ/Ϫ mice, we observed functional compensation of WNDP by MNKP. The restoration of copper delivery to CP in the cerebellum of these mice occurs as a result of a striking shift in CP expression from Purkinje neurons to Bergmann glia, that suggests significant functional interdependence of copper metabolism in these cells. Inactivation of WNDP, which is associated with copper accumulation in the cytosol and disrupted copper delivery to CP in the WNDP-deficient neurons, is communicated to Bergmann glia resulting in induction of CP expression. Simultaneously, the CP-related staining disappears from Purkinje neurons either because of coordinated down-regulation of CP expression or diminished CP mRNA/protein stability in the WNDP-deficient neurons. Dissecting the mechanism of this unexpected and interesting phenomenon is an important goal of our future studies.
Ceruloplasmin is an essential metabolic enzyme, which plays an important role in iron transport in the central nervous system (19, 20) . Genetic defects in CP result in marked accumulation of iron in Purkinje neurons and neurodegeneration (30) . The co-expression of CP and MNKP in Bergmann glia in
Atp7b
Ϫ/Ϫ mice restores copper delivery to ceruloplasmin, compensating for the lack of WNDP and most likely restoring the CP function. The conspicuous lack of marked neurological abnormalities in the cerebellum of the Atp7b Ϫ/Ϫ mice (our data, not shown) and infrequent cerebellar manifestations in the Wilson's disease patients strongly points to the potential importance of this functional compensation.
